The detached houses, in general, have the first natural frequencies in relatively higher range, and their structural deflection is small even though their response acceleration is high. Therefore, the deformation transmitted to damper becomes small, and the dampers have to be designed to obtain a desirable performance against such small amplitude vibrations. For this reason, the new type of damper having the displacement amplification mechanism was developed to solve this problem in this study ("pipe-type-damper"). This paper reports on the results obtained from experiments and analysis of a detached house model using the dampers. In the experiments, the trial damper of 10kN capacity was made, and the experiments were performed to investigate the fundamental characteristics of the pipe-type-damper. As a result, the properties of the pipe-type-damper were expressed by the fractional derivative 3-element model, its restoring force was proportional to the second power of amplification factor by the amplification mechanism. Analytical results obtained by considering the characteristics of damper showed that the pipe-type-damper had good vibration control performance.
Introduction
In Japan, many types of dampers have been installed into structures such as high-rise buildings, bridges and industrial facilities to reduce excessive responses during earthquakes. In recent years, these dampers begin to be applied to the detached houses having the natural frequency in higher range. However, the detached houses generally produce less structural deflections in various levels even though the response acceleration is very high. Therefore, the deformation transmitted to damper becomes small, and the damper doesn't show a desirable performance against small amplitude vibrations. It is important that not only to minimize the earthquake damage but also to reduce the environmental vibrations to improve the residual comfort, and the dampers should be effective even the small amplitude vibrations. Moreover, the cost of manufacturing dampers should be inexpensive to be widely used. To solve these problems, Noguchi developed the vibration control panel which combined the lever with the bearing wall (1) . This panel has been put to practical use in the new detached houses. As shown in this example, to amplify the displacement by applying the principle of leverage, the damper can achieve good performance even if the deformation transmitted to damper is small. In this study, the new type of damper having the amplification mechanism has been developed ("pipe-type-damper"). Since an amplification mechanism of pipe-type-damper is simple, the damper becomes small-sized. Therefore, this damper can be applied not only to the new detached house but also to the old detached house. This paper describes the results obtained from loading test and analysis of structural model using the pipe-type-damper.
Pipe-Type-Damper

Construction and amplification mechanism
Picture and schematic drawing of pipe-type-damper is shown in Fig.1 and Fig.2 . Figure1 is trial damper used at the loading test. This damper is constructed by shaft, hollow pipe, lever plate, pin, bush, turnbuckle and viscoelastic material. Shaft is inserted in the hollow pipe, and the lever plates are connected by the pin. If the shaft moves, the relative displacement of between the shaft and the hollow pipe is amplified by the lever plates. Amplification mechanism of pipe-type-damper illustrated in 
The rotating angle of lever plate ∠C'OC = ∠D'OD = θ becomes as follows.
From Eq. (2), the length of point O-C l 2 and the length of point O-D l 3 , the amplification factor β x , β y of x, y direction at point D against input displacement becomes as follows.
( )
The displacement of point B equals input displacement. Therefore, the amplification factor of y direction becomes the value which 1 is added to the amplification factor of lever plate. The amplification factor β is finally obtained as follows.
Construction and Amplification Mechanism
The restoring force of damper having displacement amplification mechanism is proportional to the second power of the amplification factor as follows. 
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Vol. 3, No. 3, 2009 where K V is equivalent stiffness of viscoelastic material, C V is equivalent damping coefficient of viscoelastic material. Equivalent stiffness is derived by relationship the shape and the shear force, and equivalent damping coefficient of viscoelastic material is derived by relationship between the shape and the energy which viscoelastic material dissipates in a single cycle. Relation of storage modulus to equivalent stiffness and relation of loss modulus to equivalent damping are as follows.
where d is the thickness of viscoelastic material, A S is the area of viscoelastic material. Besides, storage modulus, loss modulus and loss factor are in relation shown in Eq. (7).
The viscoelastic material has the non-linear characteristics, and expressing clearly the characteristic value is difficult. Therefore, the modeling shown in the next section is needed to calculate the restoring force of the damper.
Characteristics and Modeling of Viscoelastic Material
The loading test was performed to investigate the characteristic of the viscoelastic material which is used in pipe-type-damper. The used viscoelastic material is the kind of diene polymeric material, and its size is 40×55×10 mm. The input was a sine wave, and the experiment was performed in the following range; frequency: 0.01 to 5 Hz, displacement: 10 to 300 %, internal temperature of viscoelastic material: 10 to 40 ℃. The characteristics of viscoelastic material were evaluated by storage modulus and loss factor, and hysteresis loop of 3rd. cycle was used to calculate them. From the experiment, it was confirmed that the viscoelastic material had frequency, temperature and displacement dependencies, and these dependencies were modeled as follows.
Frequency and temperature dependencies are modeled by applying frequency-temperature equivalence principle and using fractional derivative 3-element model (2) , (3) . Figure 4 shows the experimental and analytical results, and experimental data which is obtained in each of frequency and temperature are moved parallel to the horizontal logarithmic axis against reference temperature 20 ℃. As shown in Fig. 4 , experimental data are on curve line. It has been called frequency-temperature equivalence principle, and this principle is confirmed in the viscoelastic materials which we used, too. The amount of movements in Fig. 4 is shifting factor λ(T), and horizontal axis of the graph is defined as equivalence frequency λ(T)f. Relation of the shifting factor and temperature is plotted in 8)) is shown at the line.
where C 1 and C 2 are coefficient. These value were decided by applying least squares fitting to shifting factor in each temperature, the values were C 1 =46, C 2 =280. Next, analytical results which is shown at the line in Fig. 5 were calculated by the fractional derivative 3-element model which is shown in Fig. 6 , the constitutive equation of this model is as follows.
where
expressed to satisfy frequency-temperature equivalence principle:
From Eq. (9), storage modulus and loss factor of fractional derivative 3-element model are expressed as follows.
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Vol. 3, No. 3, 2009 decreased with the increasing strain, loss factor was constant against strain. This results indicate the storage modulus of the used viscoelastic material depends on the strain. Therefore, b 1 and b 2 of Eq. (9) were replaced to express displacement dependence of storage modulus by Eq. (12). 
Loading Test of Pipe-Type-Damper
Experimental Method
The loading test was performed to investigate the fundamental characteristics of pipe-type-damper. The experimental setup is shown in Fig. 9 . Trial-damper shown in Fig. 1 was designed to provide maximum deformation of ±7 mm and maximum restoring force of ±9.8 kN (In the case of frequency: 3 Hz and temperature: 20 ℃). The viscoelastic material which is used in the damper was the same as the viscoelastic material treated in the previous chapter. The actuator used for loading gives a maximum load of 29.4 kN and stroke of ±100 mm. Measurements were made in the restoring force, the input displacement, the deformation of viscoelastic material (amplification displacement) and the temperature (environmental temperature, internal temperature of viscoelastic material). The controlled temperature bath was used in order to regulate temperature, and the inside of the controlled temperature bath was regulated by the air conditioner and the heater. The input was a sine wave, and experiment was performed in the following range; frequency : 1 to 5 Hz, displacement: 1 to 7 mm, internal temperature of viscoelastic material : 20 ℃.
where X max is maximum displacement, F(X max ) is force at maximum displacement, W is elastic energy (the area of hatching part), ∆W is energy which is absorbed at one cycle by the viscoelastic material (the area of loop). Figure 10 shows relationship between input displacement and the deformation of viscoelastic material (amplification displacement). The amplification displacement is proportional to input displacement; as a consequence of this, geometric nonlinearity of the amplification mechanism can be neglected. The amplification factor in experiment was slightly smaller than it in theory, and the error ratio was 14 %. The discrepancy is due to an insufficient stiffness of lever plate. However, considering the error factor, theoretical value which is calculated by Eq. (5) is agreement with experimental result. Hence, the validity of theoretical equation was demonstrated through the loading test. Figure 11 shows hysteresis loops of experiment and analysis at each displacement and
Experimental Result
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Vol. 3, No. 3, 2009 frequency. Analytical results were calculated by substituting the fractional derivative 3-element model constructed at previous chapter for Eq. (5). In this graph, it is confirmed that experimental qualitative result agrees with analytical qualitative result. This result indicates that restoring force of pipe-type-damper is proportional to the second power of amplification factor by the amplification mechanism. Equivalent damping ratio of damper was 23 % in experiment and 25 % in analysis in the case of frequency of 3 Hz and displacement of 7 mm, and the error ratio was about 10 %. This error factor is due to a decrease of experimental hysteresis loop's area that occurs in backlash of pin.
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Loading Test of Pipe-Type Damper
Analytical Method
Seismic response analysis was performed to investigate the performance of pipe-type-damper. Analytical model is two degree of freedom non-linear system as shown in Fig.12 . Bi-linear+Slip model shown in Fig. 13 was used as restoring force characteristic of the structure, and the parameter of structural model are shown in Table 1 and Table 2 (4) . From the result of eigenvalue analysis, the first natural frequency of the structural model is 3.40 Hz, and the second natural frequency is 9.90 Hz. The analytical model of pipe-type-damper was fractional derivative 3-element model, and the result of loading test was reflected in analytical model of damper. Influence of supporting part of the damper was also considered in the analysis, the value was 2.05×10 8 N/m. The damper was obliquely installed in the structure, and it was only installed in first story. Equations of motion in the analysis are as follows.
where m 1 and m 2 are mass at each story, c 1 and c 2 are damping coefficient at each story of the structure, F BS1 (x) and F BS2 (x) are the restoring force at each floor of the structure, F DH1 and F DH2 are the restoring force of the damper at each floor, H z is horizontal acceleration at the ground.
There are the following three cases as the analytical cases in this analysis. Case 1 is: Damper isn't installed in the structural model. Case 2 is: Damper without amplification mechanism is installed in the structural model, and the added damping ratio is 0.9 % against first natural frequency of structural model. (Non-amplification mechanism damper).
Case 3 is: Pipe-type-damper is installed in the structural model, and the added damping ratio is 6 % against first natural frequency of structural model. Figure 14 shows a comparison between the maximum response acceleration and the relative displacement in each floor. From a comparison between Case 1 and Case 2, following things were confirmed: Pipe-type-damper has not excessively increased the maximum response acceleration of structure, and the maximum acceleration in first story were reduced into 90 to 74 % except JMA Kobe NS. The response relative displacement in first story was reduced into 76 to 47 % in all waves. The maximum acceleration was increased by installation of pipe-type-damper in JMA Kobe NS. This is due to prevent the plastic deformation of structure by pipe-type-damper. However, reduction performance of the response relative displacement was the highest in all waves.
Analytical Result
From a comparison between Case 2 and Case 3, it is confirmed that pipe-type-damper reduced the response acceleration and the response relative displacement in first story compared with the responses of structure with non-amplification-mechanism-damper. In other words, reduction of damping material and miniaturization of damper can be realized by using amplification mechanism. From above results, good vibration control performance of pipe-type-damper was confirmed.
Conclusion
New vibration control device, the pipe-type-damper was described in this report. The knowledge gained by this study is concluded as follows.
(1) The viscoelastic material used with pipe-type-damper has frequency, temperature and displacement dependencies. The characteristics can be simulated by the fractional derivative 3-element model over the following range; frequency: 0.01 to 5 Hz, internal temperature of viscoelastic material: 10 to 40 ℃, strain: 10 to 300 %.
(2) Geometric nonlinearity of the proposed amplification mechanism can be neglected, and the restoring force of pipe-type-damper was proportional to the second power of amplification factor by the amplification mechanism.
(3) Pipe-type-damper reduced the response acceleration of structure into about 3/4 in the maximum compared with the response structure without damper, and it reduced the response relative displacement into about 1/2 in the maximum.
In this report, amplification mechanism and basically characteristics of pipe-type-damper was examined. Based on these results, we plan to implement the dynamic vibration tests in the future to examine the vibration control performance against earthquake and traffic vibration.
